Methods are described for working with Nosema apis and Nosema ceranae in the field and in the laboratory. For fieldwork, different sampling methods are described to determine colony level infections at a given point in time, but also for following the temporal infection dynamics.
Introduction
Since the description of Nosema apis in the early part of the last century (Zander, 1909) , nosema disease, or nosemosis of honey bees has been regarded as a serious obstacle for profitable beekeeping in temperate climates (Fries, 1993) . With the detection of the new parasite Nosema ceranae, originally described from the Asian honey bee Apis cerana (Fries et al., 1996) , in European honey bees ) the need for research in this field has become urgent. In particular, since early reports on the effects of this new parasite suggested a more severe impact on colony health compared to infections by N. apis (Higes et al., 2008a) . Following the COLOSS workshop "Nosema disease: lack of knowledge and work standardization" in Guadalajara (19-22 October, 2009 ) data were collected on the heterogeneity of methods used in Nosema research in different laboratories in Europe and in the USA. This survey showed the widely heterogeneous experimental conditions applied in the nine different participating laboratories. Even if common sense implies that some conditions should be applied in all cases, their costs and the availability of these analyses have to be taken into account. For example, one could be tempted to assert that virus presence has to be checked in colonies providing honey bees for Nosema experiments, but some laboratories are not equipped with virus diagnostics, and this could restrict these teams from performing experiments on Nosema without controlling for confounding viral infections. The level and extent of diagnosis should also be specified: which viruses should be studied, is viral detection sufficient, or should virus quantification be included?
Here we attempt to standardize study of the microsporidians Nosema apis and Nosema ceranae. Nosema apis, the historical microsporidian parasite of European honey bees, can decrease worker longevity and cause considerable winter colony losses (Fries, 1993) , whilst N. ceranae, probably introduced into European honey bees from its Asian congener (Apis cerana) within the last few decades Martín-Hernández et al., 2007; Klee et al., 2007; Paxton et al., 2007; Chen et al., 2008; Williams et al., 2008; Invernizzi et al., 2009; Currie et al., 2010; Botías et al., 2011) , is associated with colony depopulation and collapse in warmer areas of Europe (Higes et al., 2008a) , but not in northern parts of Europe (Gisder et al., 2010a) , in
North America (Guzman-Nova, 2010; Williams et al., 2010) or in South America (Invernizzi et al., 2009 ). Yet because detection of N. ceranae in European honey bees coincided with recent large-scale honey bee colony losses throughout the world, data on the pathology and management of this parasite are of significant interest.
When working in the field with full-sized colonies, several considerations need to be made, such as where to sample, how often to sample and also the size of samples. We find, for example, that sample sizes are often too small to satisfy a statistically reasonable level of diagnostic precision (Fries et al., 1984) . Please refer to the section on statistics in the BEEBOOK paper on miscellaneous methods (Human et al., 2013) to determine sample size.
The COLOSS BEEBOOK: nosema 3 Similarly, laboratory tests using bees in cages are often employed to investigate Nosema intra-host development (e.g. Higes et al., 2007; Martín-Hernández et al., 2009; Forsgren and Fries, 2010) , effects of parasitism on host mortality (e.g. Paxton et al., 2007) , immunity (e.g. Antúnez et al., 2009), and physiology (e.g. Dussaubat et al., 2010; Mayack and Naug, 2009; Martín-Hernández et al., 2011) , as well as for testing the efficacy of potential control treatments (e.g. Maistrello et al., 2008; Higes et al., 2011) . When designing cage experiments, researchers typically must control for a number of variables, ranging from selection of study subjects (e.g. parasite and host strains) to experimental environment (e.g. growth chamber
conditions, food quality and quantity). Although decisions typically do not jeopardize the scientific rigor of a study, they may profoundly affect results, and may make comparisons with similar, independent studies difficult. An important consideration is that most current data on Nosema were collected from experiments with N. apis. The same research is now needed for N. ceranae in order to assess the similarities and differences between the two species.
Here we discuss some important factors that researchers must consider when studying the Nosema-honey bee system using field as well as laboratory cage experiments. This will allow researchers to make informed choices when developing experimental protocols and will increase confidence when comparing results among studies.
Method type

Field methods
Colony level infection
The degree of Nosema spp. infection in a colony has most commonly been described through the average number of spores per bee in a pooled sample (Cantwell, 1970; OIE, 2008) . However, some studies suggest that the best way to determine the degree of infection is to estimate the proportion of infected bees in the colony (L'Arrivee, 1963; Doull, 1965; Higes et al., 2008a; Botías et al., 2012a) . Nevertheless, there is a good correlation between the proportion of infected bees and the average number of spores in a pooled sample of bees (Fries et al., 1984) , but not in all cases (Higes et al., 2008a) . Evaluating the proportion of infected bees is much more laborious than to count the number of spores in a pooled sample, so pooled sampling will probably remain an important tool for quantifying infections in colonies.
Because there is a wide variation in the numbers of spores found in individual bees in pooled samples, when the highest precision is needed, it may still be motivating to investigate the proportion of infected bees. The highest proportion of infected bees are found in foraging bees (Higes et al., 2008a, b; Botías et al., 2012a,b; Meana et al., 2010; Smart and Sheppard, 2011) , as is the greatest infection (spores per bee) (El-Shemy and Pickard, 1989) . Recent studies suggest the importance of determining the proportion of infected house bees to establish the viability and impact from infection on colonies (Botías et al., 2012a) . Considerations regarding pooled sampling versus individual bee diagnosis are discussed in section 2.2.1.2.
Sampling
For the diagnosis and detection of Nosema spp.-infected colonies, the oldest honey bees should be the target population, since they are more frequently infected compared to younger bees Smart and Sheppard, 2011) . Forager bees can be sampled outside the entrance. This method is useful in all areas during flight and foraging conditions. Caution should be taken to avoid collection of young bees performing their orientation flights. The time of the day of these flights could change in different geographic areas. Bees that conduct their orientation flights are easily recognized by the hovering behaviour in large numbers outside the entrance. When this behaviour is seen, attempts to sample for foragers should be avoided.
During non-flight conditions, old bees may still be the target population for diagnosis. To avoid sampling of newly emerged, uninfected bees, the samples can either be taken from peripheral combs in the brood area, without hatching bees, or in a super above a queen excluder. The variation introduced by not sampling flight bees is unfortunate, because it reduces the possibility for meaningful comparisons between sites. Nevertheless, when samples are taken during late autumn or winter or during the active season outside of foraging conditions (e.g. study of infection development across the year), bees from within the hive must be sampled.
To determine the degree of infection within colonies, both pooled sampling or individual sampling of bees can be used (see section 2.2.1.2). Samples should preferably be stored in the deep freezer until further processing.
Sample size
Please refer to the statistics section in the BEEBOOK paper on miscellaneous methods (Human et al., 2013) .
Clinical signs and symptoms of infection
The effects from N. apis infections on honey bee colonies have been extensively documented (Fries, 1993) . This disease is characterized (in acute forms) by the trembling of honey bee workers or dead bees around the hive. Bees may also exhibit a dilated abdomen and brown faecal marks on the comb and the front of the hives are often found.
Further, heavily infected colonies have a decrease in brood production and slow colony growth, particularly in spring (Bailey, 1955; OIE, 2008) .
Although N. apis is correlated with winter mortality of infected colonies, the disease also appears without causing losses of infected colonies (Bailey, 1955) . Colony level symptoms produced by N. ceranae infections have been described to be different from N. apis symptoms (Higes et al., 2008; . A gradual depopulation of adult bees, higher autumn / winter colony mortality, and finally the queen surrounded by only young bees have been observed in southern Europe , whereas such severe symptoms or effects have not been described from more temperate climates (Gisder et al., 2010a) nor from South (Invernizzi et al., 2009) or North (Williams et al., 2011; Guzman-Novoa et al., 2010) America.
Possibly, differences in honey bee subspecies, foraging conditions, agricultural practices, differences in hive management practices, or other abiotic or biotic factors may contribute to the variation in symptoms described for N. ceranae infections in different regions of the world. Further research efforts using standardized methodologies are most certainly warranted.
Colony level infection dynamics
The temporal dynamics of N. apis infections in temperate climates have been described by many authors (White, 1919; Borchert, 1928; Michailoff, 1928; Bailey, 1955; Furgala and Hyser, 1969; Furgala and Mussen, 1978) , with a similar pattern in both northern and southern hemispheres (Doull and Cellier, 1961) . In short, the typical infection exhibits low prevalence during the summer, a small peak in the autumn, and a slow rise of infection during the winter. In the spring, infections increase rapidly as brood rearing starts while flight possibilities are still limited. There are few data on the temporal dynamics on N. apis infections in tropical or sub-tropical climates, but the infection appears to be present but with low impact on colony fitness (Wilson and Nunamaker, 1983) and probably without the pronounced temporal dynamics observed in temperate climates (Fries et al., 2003) . For N. ceranae, few long-term studies have been performed on the temporal dynamics of this infection in honey bee colonies. Studies from central Spain suggest much less variation in infection prevalence over the season for N. ceranae compared to what has been described for N. apis (Higes et al., 2008a) . However, a clear seasonal effect on disease prevalence, with higher prevalence and infection levels in the early season has been documented in eastern USA (Traver and Fell, 2011; Traver et al., 2012) and in untreated colonies in maritime Canada (Williams et al., 2010; . There is an urgent need for long-term studies of the temporal dynamics of N. ceranae infections under different climatic conditions.
Sampling period and sampling frequency
To gain information on how amounts and prevalence of infections change over time, it is necessary to monitor changes over more than one year. Samples should be taken with at least monthly intervals during the period when colonies can be opened without adverse effects on colony survival. For higher resolution of the temporal dynamics of infections, sampling must be bi-weekly or even weekly during periods of rapid change of infection prevalence, as described for N. apis during early spring. Refer to section 2.1. To determine the degree of infection of Nosema spp. in a sample it has been suggested that subjective judgement on an arbitrary infection scale can be used (Doull and Eckert, 1962; Gross and Ruttner, 1970) . However, for research purposes, such estimations should not be employed if some degree of precision is required.
The easiest way to count Nosema spp. spores is to use a traditional haemocytometer as described in the miscellaneous methods paper of the BEEBOOK (Human et al., 2013) and Cantwell (1970) .
Although yeast and Nosema spores reflect light differently in regular light microscopy, the use of phase contrast microscopy will avoid any misidentification (see section 2.2.2.1).
Individual bees or pooled samples
To determine the degree of infection in colonies from pooled samples of bees, the required precision of the diagnosis should first be determined (see section 2.1.1.2). (Human et al., 2013) ).
Use of dead bees from the floor board of live colonies should be avoided, since the correlation with the health status of the live bees is too low (Fries et al., 1984) .
It remains to be determined whether the relations described here are the same for N. ceranae.
Parts to examine
Although molecular evidence of N. ceranae DNA in other tissues than the ventriculus have been described, no spore production has been demonstrated outside the epithelial cells of the ventriculus for either of the two microsporidians concerned (Chen et al., 2009; Bourgeois et al., 2012) . Thus, for spore counts, the ventriculus is ideal since the amount of surplus debris is low compared to using the entire abdomen or the whole bee in mash preparations.
Dissecting the ventriculus:
With some training, it is easy to pull the ventriculus out from CO 2 immobilized bees (see the section on anesthetising bees in the BEEBOOK paper on miscellaneous research methods (Human et al., 2013 )) using forceps.
1. Grip over the A7 abdominal dorsal and ventral segments with the forceps 2. Hold the abdomen in the other hand 3. Slowly pull apart; the posterior portion of the alimentary canal comes out, sometimes with, sometimes without, the honey sac attached to the anterior end of the ventriculus (Fig. 1 ). whereas, fresh spores of N. ceranae measure approximately 4.7 x 2.7 µm (Fries et al., 1996) (Fig. 2) . Although there is a slight overlap, with the smallest N. apis spores being smaller than the largest N. ceranae spores, the average spore size of N. apis is approximately 1 µm larger in length (Fig. 2) .
In contrast to spores of N. apis, the spores of N. ceranae are often slightly bent, and appear less uniform in shape compared to N. apis spores (Fries et al., 1996; Fig. 2) . Although the difference in the size of spores between these species is clear, it may still be difficult to detect the difference in routine diagnosis of infected bees using light microscopy. This is particularly true because mixed infections of both species can occur (Chen et al., 2009) , even in individual bees (Burgher-MacLellan et al., 2010) .
Because of their light refractive properties, spores of Nosema spp.
are easily seen without contrast colouring in the light microscope in Vavra and Larsson (1999) .
Giemsa staining
Giemsa's stain stock solution is obtained from commercial sources.
The prepared staining solution is prepared fresh by diluting the stock solution 1:9 using PBS buffer (pH 7.4). 
Transmission electron microscopy (TEM)
Several fixation procedures are available for studies of microsporidia infections. The following methodology has been widely used with good results for both N. apis (Fries, 1989; Fries et al., 1992) and N. ceranae (Fries et al, 1996, The number of polar filament coils is one tool that helps to differentiate between species of Nosema (Burges et al., 1974) . In N. ceranae, the number of filament coils varies between 20 and 23 in mature spores (Fries et al., 1996) , whereas the number of polar filament coils in spores of N. apis is always larger and often more than 30 (Fries, 1989) . The immature spores, where the filament is still developing, can be distinguished from mature spores on the less developed spore wall.
Molecular detection of Nosema spp. (N. apis , N. ceranae and N. bombi)
In addition to the microscopic techniques described above, various molecular methods have been developed for the detection and identification of Nosema spp. because such molecular methods are more sensitive and species specific (Klee et al., 2006; 2007) . As a consequence, it is possible to confirm the presence of Nosema (and other disease organisms) in bees using molecular techniques even when visual detection suggests its absence. Care must be exercised, though, in interpretation of results from molecular detection. Nosema may be detected molecularly in a bee, though very few spores are present in the bee and the pathogen has little or no impact on its host. In addition, vegetative forms of Nosema as well as spores can be detected using molecular methods, whereas only spores can be detected using visual methods. A further advantage of molecular methods, is that their extreme sensitivity of detection may provide insights into hitherto unknown modes of transmission of pathogens.
The molecular techniques developed for detection of Nosema spp.
in bees (i.e. N. apis, Nosema bombi, found to date only in bumble bees, and N. ceranae) are usually PCR-based (i.e. uniplex or multiplex PCR, PCR-RFLP, qPCR; see the BEEBOOK paper on molecular methods (Evans et al., 2013) , and a wide range of species-specific PCR primer sets for these Nosema species can be found in the literature (Table 1) .
A test of the specificity and detection limits of nine of these primer sets suggests that some of them may lack specificity or exhibit low sensitivity (Erler et al., 2011) . In addition, the use of different qPCR need to be tested in each laboratory for sensitivity and reliability (see also Bourgeois et al., 2010; Burgher-MacLellan et al., 2010; Hamiduzzaman et al., 2010; Traver and Fell, 2012 and the molecular paper of BEEBOOK by Evans et al., 2013) .
Here we report the use of a multiplex PCR-based method that is able to detect and differentiate simultaneously the three Nosema species of high prevalence in European bee populations (N. apis, N. bombi and N. ceranae) using genomic DNA. Microsporidia from genera other than Nosema are known from bees, where they can be very abundant (see Paxton et al., 1997; Li et al., 2012) . To capture all of these Microsporidia, it is advisable to PCR amplify microsporidian DNA using 'generic' primers (see Table 1 ) and then sequence PCR products, which can be laborious and expensive. Here we present a much faster and cheaper method in which we combined multiple primers based on the 16S ribosomal rRNA gene into a single reaction to simultaneously detect N. apis, N. bombi and N. ceranae in bees.
The COLOSS BEEBOOK: nosema 9 2.2.2.3.1. Nosema DNA extraction DNA extraction can be performed from specific tissue (e.g. ventriculus, rectum, fat body), subdivided bee sections (e.g. metasoma), whole bees, or homogenates from pooled samples (see the BEEBOOK paper on bee anatomy and dissection (Carreck et al., 2013) ).
Nosema DNA extraction from bee homogenates:
1. Crush fresh or flash frozen tissue to generate a homogeneous homogenate of bee/bee guts. For example, 1.1. place a maximum of 30 bees in a filter grinding bag (e.g. extraction bags from BIOREBA AG, Switzerland).
1.2. Add 0.5 ml (DNAase/RNAase free) ddH 2 O per bee.
1.3. homogenize the mixture using a homogenizer (e.g.
Homex6 from BIOREBA AG; Switzerland). 
Controls
Attention needs to be given to the use of controls when undertaking DNA extractions and PCR amplifications to avoid false positives (detection of a band of the appropriate size when a Nosema species was not present) and false negatives (absence of a band of the appropriate size because of poor extraction or poor PCR set-up despite a Nosema species being present). We recommend using newly emerged honey bees as 'negative controls' because such bees are not infected with N. apis or N. ceranae at emergence although for N. ceranae vertical transmission of infection has recently been suggested (Traver and Fell, 2012) . Greater care needs to be given to 
Standardising cage trials
This section contains information on methodologies specifically for performing laboratory investigations of the adult European honey bee-Nosema system. Additional details on general methodologies for maintaining European honey bees in the laboratory are described by Williams et al. (2013) in the laboratory cages paper of the BEEBOOK.
Source of bees
General details on selecting bees and colonies for experiments can be found in the BEEBOOK papers by Williams et al. (2013) and Human et al. (2013) . Details specific to Nosema investigations are discussed
here. See the BEEBOOK paper on maintaining bees in cages (Williams et al., 2013) for information on how to obtain honey bees for experiments.
For every experiment state:
1. The subspecies of European honey bee used because of there may be genetic variation for disease resistance (Evans and Spivak, 2010).
2. The time of year the experiment was performed because bee physiology can differ seasonally, in particular between summer and winter (Fluri et al., 1977) , but also when brood rearing declines (Amdam et al., 2009 ).
Further considerations:
1. Cage replicates should be performed during the same season to allow for easier comparison of data.
2. Bees from multiple colonies should be used to ensure that the particular question being asked is relevant to honey bees in general (see Human et al. (2013) and Williams et al. (2012) ).
3. Use a sufficient number of replicate cages per treatment (see Human et al. (2013) and Williams et al. (2012) ).
Bees from all colonies should be homogenized among cages to eliminate effect of 'colony', thereby leaving only 'cage' as a random factor.
Source colonies
Colonies should be 'healthy', and quantitatively and qualitatively Because Nosema interacts with pesticides (Alaux et al., 2010a) , colonies likely to be exposed to high levels of agro-chemicals, such as when the bees are a few days old (2-5 days).
Type of cages
Numerous cage designs exist for maintaining honey bees in the laboratory and for performing experiments (see Williams et al. (2013) in the BEEBOOK). Despite this diversity, it is necessary that cages meet basic criteria described by Williams et al. (2013 
Type of food
Because diet can affect honey bee longevity (Schmidt et al., 1987) , immune response to Nosema infection (Alaux et al., 2010b) , as well as spore development (Porrini et al., 2011) , it is important to carefully consider food provided to experimental bees. Generally, researchers should attempt to maintain their honey bees as healthy as possible.
Honey bees are capable of surviving for long periods of time on 50% (weight/volume) sucrose solution (Barker and Lehner, 1978) ; however, to ensure normal development of internal organs and glands (Pernal and Currie, 2000) , as well as proper immune response (Alaux et al., 2010b) , supplementing a strict carbohydrate diet with protein, and even nutrients such as vitamins and minerals, is recommended for maintaining honey bees in the laboratory. Bee-collected pollen provides an adequate medium for providing protein and nutrients (Brodschneider and Crailsheim, 2010) ; however, such material may be contaminated with Nosema spores (Higes et al., 2008b) or pesticides (Pettis et al., 2012) . Additionally, it is possible that pollen may stimulate N. ceranae development by promoting bee health (Porrini et al., 2011) .
Therefore, in addition to ad libitum 50% (weight/volume) sucrose solution (i.e. 100 g table sugar dissolved in 100 ml tap water), individuals should be provided with an easily accessible source of multi-floral, radiation sterilised, bee-collected pollen ad libitum as described by Williams et al. (2013) and Human et al. (2013) in the BEEBOOK.
Further studies are needed to investigate the effects of commercial pollen substitutes on Nosema development and individual bee health before they should be considered as a replacement for bee collected pollen.
To sterilize for N. apis spores, pollen can be exposed to ≥0.2x10 6 rads gamma radiation from cobalt-60 (Katznelson and Robb, 1962) or heat treated at 49°C for 24 hours (Cantwell and Shimanuki, 1969) . On the other hand, very little is known about the factors responsible for making N. ceranae spores non-viable in bee products. N. ceranae will lose viability during freezing (Forsgren and Fries, 2010) , but it is more resistant to heat than its congener (Fenoy et al., 2009) . It is likely that temperatures and/or exposures higher than required for N. apis spore destruction will also render N. ceranae spores non-viable. As a result, a combination of heating and freezing pollen may be possible to develop as an alternative to radiation for sterilising bee-collected pollen of Nosema spores. Specific protocols need to be developed for this purpose because to date we only know that one week of freezing kills approximately 80% of N. ceranae spores (Fries, 2010) , and we
do not know what temperatures will reduce the nutritive value of pollen.
Incubation conditions
Researchers should attempt to maintain their experimental bees in optimal conditions for both host and parasite, and should consider the possible effects of growth chamber conditions, as environmental 
Inoculation methods
Spore source
As with other parasites (Ferguson and Read, 2002) When creating inoculums, it is important to use fresh spores because their viability is lost over time when spore suspensions are stored. In particular, this is true for N. ceranae isolates, which rapidly lose viability in the refrigerator and almost completely lose infection capacity after freezing of spores (Fenoy et al., 2009; Fries, 2010 
Spore suspension
A suspension of spores obtained as described previously (e.g. 1 infected bee ventriculus in 1 ml water; section 2.2.1.) can be filtered using sterile 74 µm sized mesh to remove large pieces of host materials.
After filtration, 1-5 mM pH 9.0-buffered ammonium chloride (NH 4 Cl)
can be added to the filtrate to inhibit spore germination.
However, sometimes a high purity of spores is needed. Purification can remove unwanted host tissues and microbial contaminants that may confound experimental data, and can also facilitate accurate microscopic counting.
Purification
The purpose of purifying a spore suspension is to remove unwanted host tissues and microbial contaminants that may confound experimental data. A high purity of spores can facilitate accurate microscopic counting and is an important quality assurance parameter in pathological studies. A number of purification methods describe below give high purity preparations, and the choice of purification method depends upon the specific requirements and applications of spore suspension. For in vivo feeding assays, it is sufficient to purify spores using filtration and centrifugation techniques. Alternatively, methods of triangulation or density gradient purification, in addition to initial filtration, are recommended for experiments that require a very high level of spore purity. Note that amount of water added to resuspend the pellet will affect the spore concentration and the final concentration of the inoculum must therefore be checked using a haemocytometer (see section 2.2.1.1. and the BEEBOOK paper on miscellaneous methods (Human et al., 2013) .
Centrifugation
1. Centrifuge spore suspension at 5,000 G for five minutes to produce a pellet of spores.
2. Discard supernatant containing tissue debris that is lighter than spores.
3. Resuspend the pelleted spores in distilled water by vortexing for five seconds.
Repeat the centrifugation 2-3 times to wash spores and to create a Nosema spore suspension with over 85% purity level.
Triangulation
1. Centrifuge spore suspension at 300 G for five minutes to form a spore pellet which contains two strata, the upper supernatant fluid and the lower stationary phase containing most of spores.
2. Transfer supernatant fluid to another tube using a pipette, and resuspend lower stationary phase using sterile water. 4. Repeat procedure three times.
5. Combine resuspended lower strata created from each centrifugation to yield a spore suspension with a purity greater than 99% (Cole, 1970).
Density gradient
The most commonly used density gradient substrates used for microsporidian spore purification are sucrose, sodium chloride, cesium chloride, and two silica colloids: Ludox HS40 and Percoll. The density gradient can be continuous or discontinuous (i.e. stratified), heaviest at the bottom and lightest at the top, thus allowing purified particles to be located at specific regions of the density gradient. Among all density gradient media, Percoll is frequently used for Nosema spore purification because it offers many advantages, including: 1. Ease of preparation; 2. Low viscosity, permitting rapid sedimentation at low speed centrifugation; 3. Low osmolarity and no toxicity; 4. Excellent stability under any autoclaving sterilization conditions (Fig. 6 ).
Purification procedure with Percoll substrate 3. Discard the supernatant.
4. Re-suspend the pellet in sterile water.
5. Repeat the process 3 times.
6. Overlay the spore suspension on 20 ml 100 % Percoll solution.
7. Centrifuging the column at 3,000 G for 2-3 minutes to pellet the lighter cellular debris and leave the spores on the top of Percoll solution.
8. Dilute the 100% Percoll solution by adding the equal amount of water and pellet the spores by centrifugation at 10,000 G for 15 minutes.
9. Re-suspend the spore pellet in 2-5 ml sterile water to produce a spore suspension with a purity of greater than 99% (Chen et al., 2009).
Spore suspension concentration
Dilution of the purified spore suspension to the desired concentration can be performed using the formula: C 1 V 1 = C 2 V 2 where: C 1 = initial concentration; V 1 = initial volume; C 2 = final concentration; V 2 = final volume.
For example, if you want to feed 10,000 Nosema spores in 10 µl 50% (weight/volume) sucrose solution, you must, as determined by proportions, create a final spore concentration of 1,000,000 spores / ml of 50% (w/v) sucrose solution. To create 10 ml of this final spore suspension in 50% sucrose solution when your initial spore suspension is: Example 1. 10,000,000 spores/ml water, then 1 ml of initial spore suspension must be added to 9 ml 55.6% (w/v) sucrose solution. See below for specific details:
Calculating initial volume of spore-water suspension needed
2. V 1 = C 2 V 2 /C 1 3. V 1 = 1,000,000 spores per ml X 10 ml / 10,000,000 spores per ml Example 2. 12,456,000 spores/ml water, then 0.8 ml of initial spore suspension must be added to 9.2 ml 54.3% (w/v) sucrose solution.
Control suspensions to infected control bees should be created using uninfected individuals from the same colonies the spores were sourced from.
Storage of stock suspension
It should be emphasised that for infection experiments, newly made up spore suspensions should be used, prepared the same day or the day before the experiment and kept in the refrigerator. For N. apis, storage of spores for later preparations of new suspensions can be made by freezing adult infected bees or already prepared spore suspensions. For N. ceranae the situation is drastically different since the spores rapidly loose viability if frozen (Fenoy et al., 2009; Fries, 2010) . A protocol needs to be developed whereby infective spores of N. ceranae can be reliably stored over longer periods without serious loss of viability.
Handling of bees
Bee caste, activity level, and personal comfort level will dictate what devices are used to manipulate bees. Most importantly, bees should not be crushed, so particular attention must be placed on ensuring sensitive and more fragile parts of the bee such as the abdomen, antennae, eyes, and mouthparts, are not disturbed or damaged. A honey bee that is damaged or has stung should be replaced.
In most cases, use of anaesthesia to handle honey bees is not required, and generally not recommended because of the difficulty of ensuring a consistent dosage is given to bees and because of possible effects on the behaviour, physiology, and development of insects (Czekonska, 2007; Ribbands, 1950; Rueppell et al., 2010) . If anaesthesia is used, a consistent dosage should be provided to all experimental bees. Further details on handling and anaesthetising bees are provided in the BEEBOOK chapter on miscellaneous methods Human et al. (2013) .
Individual feeding
Many Nosema laboratory experiments individually feed bees with an inoculum to ensure that bees are exposed to a known quantity of spores (e.g. Higes et al., 2007; Paxton et al., 2007; Maistrello et al., 2008; Forsgren and Fries, 2010) . The volume of the inoculum can be 5 to 10 ml, amounts that are readily consumed by bees. Individual feeding of spores produces significantly lower variation in response infection level compared to group feeding of spores (Furgala and Maunder, 1961) and should be preferred for most experimental purposes until further investigations comparing group versus individually fed honey bees occurs. As with other laboratory procedures concerning Nosema, it is important to minimize chances of contamination by setting up sterile feeding stations unique to each treatment group. To individually inoculate honey bees with Nosema spores, refer to the BEEBOOK chapter on maintaining bees in vitro (Williams et al., 2013) .
Specifically for Nosema studies, experimental bees should be starved in hoarding cages for two to four hours by removing all feeding devices to ensure that the entire inoculum is ingested quickly (e.g. Fries et al., 1992; Malone and Stefanovic, 1999; Higes et al., 2007; Maistrello et al., 2008) . Bees destined for each treatment group should be maintained in separate hoarding cages to avoid the possibility of contamination during the removal of individuals for feeding. Because feeding can require considerable time depending on the number of bees to be inoculated and the number of persons available to feed spores, it may be necessary to house bees for each treatment group in multiple cages that can be starved in different time blocks to ensure that all individuals are without food for a similar period of time. Pre-trials will determine how much time is required for feeding, but generally it should take one to two minutes per bee.
Additionally, and depending on the time required to feed all experimental bees, it may be prudent to rotate feeding amongst treatment groups so that, for example, not all bees from one treatment group are fed in the morning whereas bees from a second treatment group are fed in the afternoon. See previously discussed subsections within section 2.2.4., as well as section 2.2.7., for creating and choosing specific spore suspensions.
Once inoculated, bees can be placed into a 1.5 ml microcentrifuge tube with a breathing hole at the end in suitable growth chamber conditions in detail below for 20 to 30 minutes to ensure that spores are not transferred among bees (see Williams et al., 2012) (Kellner and Jacobs, 1978; Verbeke et al., 1984) . Afterwards, the bee can be placed in an appropriate treatment hoarding cage. The provided description can be applied to inoculating all castes. However, drones and queens can be transferred to appropriate treatment cages immediately after feeding because they are only recipients during trophallaxis (Crailsheim, 1998) ..Future studies should determine whether this is required as some debate exists regarding the frequency that newly emerged bees in cages engage in trophallaxis (Crailsheim, 1998).
Group feeding
In contrast to inoculating individual bees with Nosema spores as described above, inoculation can also occur by providing a group of caged bees with a spore suspension in one or more common feeding devices that may be fed on ad libitum. This method allows for individuals to be inoculated relatively quickly, and without the logistical and time constraints associated with individual feeding.
Although not well studied, the primary disadvantage of group feeding of Nosema spores is the greater variance of Nosema intensity among 16
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caged individuals because of unequal distribution of the inoculum among individuals over time (Furgala and Maunder, 1961 ).
Preliminary studies suggest group feeding is as effective at infecting caged bees as individual inoculation (Tanner et al., 2012) . Greater cage replicates per treatment group may be required if group feeding of inoculum is used. Group inoculation of a spore suspension containing 10,000 and 33,300 spores per bee is sufficient to infect caged individuals (Webster, 1994; Pettis et al., 2012 ).
Further details on group feeding are provided in the BEEBOOK chapter on maintaining bees in cages (Williams et al., 2013) . For
Nosema, for example, to mass inoculate 100 honey bees with approximately 10,000 Nosema spores per bee:
1. Provide 1,000,000 spores in 4 ml 50% (w/v) sucrose solution to guarantee that the entire volume will be consumed within approximately 24 hours.
This short time period will ensure a similar initial inoculation period for all individuals, and help prevent bacterial degradation of unconsumed spores from occurring.
2. Top up the feeder with 50% (w/v) sucrose solution when the inoculation solution is close to empty so that the caged honey bees do not go without food.
To ensure all spores are ingested, small volumes can be regularly added throughout the day until one is confident that most spores have been consumed.
When cultivating Nosema spores, live bees can be killed 10 to 14 days post-inoculation, approximately when a full N. apis infection is reached (Fries, 1988) , using methods described by Human et al. (2013) in the BEEBOOK.
Viability control of Nosema spores
The viability of spores to be tested is rarely checked, although it is a crucial point to ensure the reliability and reproducibility of the results.
In particular regarding N. ceranae, it can be considered as a key point because of the high sensibility to cold temperatures of N. ceranae, spores (Forsgren and Fries, 2010) . N. apis spores also loose infectivity after freezing, but in a matter of years (Bailey, 1972) rather than a week as shown for N. ceranae (Fries, 2010) .
Spore viability can be tested using three methods: colouration and infectivity tests (in vivo and in vitro). The advantage of colouration is that suspensions can be checked before use, in vivo tests are useful for confirmation of spore viability used for infection experiments. Sytox green or DAPI staining, white-light microscopy, where extruded polar filaments can be seen (Fenoy et al., 2009 
In vivo test for spore viability
Experimentally, the viability of N. apis spores can be assessed by feeding suspensions with different spore concentrations to groups of newly emerged adult honey bees (see section 2.2.7.1). Honey bees exposed to spores can be collected 10 days post infection when the infection appears to be almost fully developed for both Nosema spp. Martin-Hernandez et al., 2011; Forsgren and Fries, 2010) and the ventriculus examined for the presence of spores.
If spores are seen in the light microscope, the bee is recorded as infected (Malone et al., 2001 ) and the viability of the spores in the suspension used can be calculated based on the ID 50 and the ID 100 obtained (see section 2.2.7.1).
In vitro test for spore viability
In vitro germination of spores of both Nosema spp. can also be triggered by a procedure that mimics the natural conditions for the germination of environmental spores. Since the germination is the first step in the infection process, this test gives data on spore infectivity ability (Gisder et al. 2010b) (Bergem et al., 2006; Hunter, 2010) , but these cells have not been used for infection experiments. Several hundreds of non-honey bee insect cell lines are commercially available (Lynn, 2007; van Oers and Lynn, 2010) and have been proven to be valuable tools for elucidating attachment, entry, and replication of several intracellular insect pathogens and for analysing cellular reactions towards infection (Smagghe et al., 2009; van Oers and Lynn, 2010) .
However, these cell lines were considered unsuitable for the study of bee pathogens due to the assumed host specificity of bee pathogenic viruses and microsporidia. We here describe both, the infection of primary ventricular cells established from honey bee pupae as well as the infection of commercially available insect cell lines established from several lepidoptera with N. ceranae and N. apis. General techniques for cell cultures are described by Genersch et al. (2013) in the BEEBOOK.
Infection of primary honey bee ventricular cells
1. Isolate pupal gut cells from 10 days old pupae as described in detail in the BEEBOOK paper on cell culture techniques (Genersch et al., 2013) .
Transfer approximately 5E+7 Nosema spp. spores in AE-
buffer (Qiagen) into chamber slides (2 well glass slide, VWR).
3. Air dry for 3 hours at room temperature.
4. Initialize spore-germination with 50 µl 0.1M Sucrose in PBSbuffer (BDH, Laboratory Supplies).
5. Immediately resuspend 500 µl primary cell suspension in fresh L15 medium ( 1.49% L-15, 0.4% Glucose, 0.25% Fructose, 0.33% Prolin, 3% Sucrose, all w/v, pH 7.2; for a recipe see Table 2 ) with the germinating spores.
6. Incubate the spore-cell suspension at 33°C for 20 min.
7. Add 1 ml of fresh and pre-warmed (37°C) BM3 medium (L 15 medium + 0.075% Pipes, 3% inactivated FCS, 1.2%
Yeastolate, 10% antimycotic/antibiotic solution from SigmaAldrich, pH 6.7; for a recipe see Table 2 ).
8. Long time incubation is performed in a cooling incubator (Thermo Fisher) at 33°C for 144 hours.
9. Remove the supernatant by aspiration.
10. Fix cells with 500 µl of 4% formalin solution (Roth) for 24 hours.
Identify infected cells by microscopic analysis (Figs 7A & B).
Although the infection of primary pupal cells can be achieved, this approach is time consuming, does not easily lead to reproducible results, and is accompanied by the problem of seasonal dependency because sufficient numbers of pupae are only available during the brood rearing period.
Infection of heterologous lepidopteran cell lines
Most of the commercially available, permanent insect cell lines are derived from Lepidoptera. Several lepidopteran cell lines are described to support propagation of homologous microsporidia (where the source species of the cell line is the original host), as well as microsporidia originally infecting other hosts (Jaronski, 1984) . (Table 3) .
Approximately 2E+05 cells per ml should be used to establish the next passage (Table 3 ).
For infection of these insect cell lines with germinating Nosema spp. spores (after Gisder et al., 2010b ):
1. Prepare a pre-culture 2. Incubate the cells to their exponential growth phase. 12. Resuspend the spore-cell suspension (150 µl) thoroughly.
Harvest the cells growing in exponential phase
13. Incubate at room temperature for 5 minutes.
14. Add 350 µl medium with 250 µg ml -1 penicillin/streptomycin (Roth) and 125 µl antimycotic/antibiotic solution (SigmaAldrich) to the spore-cell suspension to a final volume of 500µl.
15. Incubate the cells at 27°C up to 10 days. For in situ-hybridization (ISH) or fluorescence in situ-hybridization (FISH) medium was aspirated and cells were fixed on glass slides with 4% formalin (e.g. Roth) up to 24 hours. (Fig. 7c ) ISH or FISH were performed according to recently published protocols (Gisder et al., 2010b; Yue et al., 2007 , see also the BEEBOOK paper on molecular methods (Evans et al., 2013) ).
Six lepidopteran cell lines could be infected successfully ( 
Experiment type
Prior to any experiment with induced Nosema spp. infections, the infection level in the source colonies for bees to be used should be assessed prior to experimentation (see section 2.2.1). This is advisable also when bees for infection experiments are hatched in incubators. given to bees is therefore theoretical (= calculated). Under some circumstances and when the protocol is adapted to the goal of the study, the technique of group feeding can be used and gives reliable results (Pettis et al., 2012; Tanner et al. (2012) ). When the bees are mass fed, the quantity of spores given to each bee is an average count calculated from the overall quantity distributed to a given number of bees, but it should be noted, that group feeding is likely to yield an uneven distribution of spore dose among bees (section 2.2.4.5.). Similar to pesticide studies, where the lethal dose to 50% (LD 50 ) or 100% (LD 100 ) of tested insects are used to describe toxicity, the infectious dose can be described as the dose that produces infection in 50% (ID 50 ) or 100% of exposed insects (ID 100 ). For N. apis, ID 50 has been determined to roughly 100 spores per bee (Fries, 1988) , with 10,000 spores producing infection in all exposed honey bees (Czekonska, 2007; Fries, 1988) . Recently, similar experiments were performed that compared N. apis and N. ceranae. Results revealed a slightly lower ID 50 for N. ceranae (Forsgren and Fries, 2010) . It should Specific hybridization was performed with 16S rRNA (SSU) probes coupled with digoxigenin and subsequent colour reaction to detect hybridized probes.
be noted that little is known about possible variations in infectivity between parasite isolates and/or different levels of susceptibility between host strains and, thus, infectious dose experiments need to be repeated using different bees and different spore sources.
Study of dose effects
Although the doses of 10,000 and 33,000 spores per bee have been shown to produce infection in all exposed bees, it is common to use much higher doses, even an order of magnitude higher or more, to ensure infection (Alaux et al., 2010a; Alaux et al., 2010b , Paxton et al., 2007 Malone and Stefanovic, 1999; Higes et al., 2007; Porrini et al., 2010; Webster et al., 2004; Woyciechowski and Moron, 2009 ).
Depending on the type of experiment, it is often best not to use higher spore doses than is necessary to produce infection in individual bees, because when high spore doses are used, non-germinated spores may be retrieved and counted as spores produced from infection.
Honey bee queens become infected by both N. apis and N. ceranae.
As with workers, a range of different doses have been used to study effects of infection on queens individually fed, although again, more spores were provided than were required (Alaux et al. 2010c; Webster, 2008) . Using individual feeding, queens and worker bees have become infected using similar spore doses (Webster et al., 2004) , but the infectious doses for queens have never been established for either of the two microsporidian infections discussed.
Effects of different infection doses
It is necessary to test serial quantities of spores if the interest of the experiment is to investigate the effect of infection dose. In this case, for more precision, honey bees should always be individually fed the spore suspensions. The quantities of spores given to bees could increase by a factor of 10 (Forsgren and Fries, 2010; Malone et al., 2001 ), but other increments can also be used (Martin-Hernandez et al., 2011) .
Course of infection in individual bees
The course of infection is checked in individual bees or in a group of tested bees. The time lap between spore counts has been highly variable between different authors and the goal of the experiment (Alaux et al., 2010a; Alaux et al., 2010b; Czekonska, 2007; Forsgren and Fries, 2010; Malone and Stefanovic, 1999; Paxton et al., 2007) .
Generally speaking, a greater sample size and increased frequency of sampling will allow for more confidence in the data. Since individual feeding of honey bees is time consuming, the interval between sampling and the number of bees investigated must, nevertheless, be limited. Because N. apis spores are not produced from new infections until at least 3 days post infection (Fries, 1988 ; Fries et al., 1996; Forsgren and Fries, 2010) , with the first spores of N. ceranae produced slightly later (Forsgren and Fries, 2010) , sampling should be 20 Fries et al. initiated no earlier than 4 days post infection. With a 2 day time interval between sampling, a relatively detailed data set on spore development can be accomplished. Because of variations in spore development between different bees, the sample size should never be below 3-4 bees per cage and treatment, and for statistical reasons, the more bees used, the better (see the statistics section in the BEEBOOK paper on miscellaneous methods (Human et al., 2013) ).
Longevity of infected bees
There is a surprising lack of data on the actual longevity of infected honey bees, probably because the mortality is rarely assessed per se.
When the mortality takes place 10 to 14 days or more after the exposure to the spores, the researchers usually decide to sacrifice the tested honey bees. For N. ceranae, 100% mortality of infected bees have been reported within this time frame MartinHernandez, et al., 2011) , but significantly lower mortality rates have also been observed (Dussaubat et al., 2010; Forsgren and Fries, 2010; Paxton et al., 2007; Porrini et al., 2010) . There is a profound need for more mortality data from Nosema spp. infections, to better understand the impact from infection on colony viability. Possibly, cage experiments are less well suited for such tests because cage effects on longevity cannot be excluded, even if proper controls are
used. An alternative would be to use marked bees, with and without infection, and introduce them to small functioning colonies and then study the rate at which such honey bees disappear compared to uninfected bees (see the section on statistics for survival analyses in the BEEBOOK paper on miscellaneous methods (Human et al., 2013) ).
Only a few studies have investigated the longevity of queens when infected with N. apis. spores. Young infected queens that were allowed to lay eggs all died about 50 days after the onset of oviposition, with an average age when found dead or removed by the bees of about 25 days (Loskotova et al., 1980) . The impact from infection on queen as well as colony performance also need further studies to assess the impact on colony performance from these infections.
Future perspectives
The Nosema spp. parasites in honey bees still remain largely enigmatic. The described field symptoms differ between the parasites (Fries et al., 2006) , as do the seasonal prevalence (Higes et al., 2008a, b) .
These observations suggest that the main mode of transmission between bees could differ between N. apis and N. ceranae. Faecal deposition within bee hives is associated with N. apis infections, but this is not the case with N. ceranae (Fries et al., 2006) . The main mode of parasite transmission for N. apis is believed to be a faecaloral route through soiled comb (Bailey, 1953) . There is a need to elucidate the main mode of transmission for N. ceranae to understand more of the epidemiology of this parasite. There is also a profound lack of data on differences in susceptibility of both parasites among different honey bee strains. Using standardized laboratory infectivity tests, it is probably possible to find differences in susceptibility to infection, both within and between strains of bees. With such information, breeding for resistance can be undertaken and genetic markers for resistance could possibly be located for genetic marker aided selection for disease resistance. As with differences in resistance in the host, it is likely that different isolates of the parasites differ in infectivity as well as in virulence. Although such differences have never been documented, along with differences in host susceptibility, they could complicate interpretations of experiments and possibly explain some contradictory results published on parasite virulence.
Ring tests among laboratories would be very useful for the scientific community but remain to be organized and funded. 
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